RENAL ISCHEMIA-REPERFUSION (IR) injury is a frequent cause of acute kidney injury (AKI) (17) . Ischemic AKI is a major clinical problem for patients subjected to major surgical procedures involving the kidney, liver, heart, or aorta, often leading to multiple organ dysfunction and systemic inflammation with an extremely high mortality (21) . Currently, the incidence of renal dysfunction after major surgery in high-risk patients has been reported to be as high as 80% (15) . Unfortunately, the severity and incidence of AKI has been increasing without any improvements in therapy or patient survival over the past 50 years (20) . Currently, there are no proven therapies to reduce AKI in the perioperative setting.
IL-11 is a 20-kDa multifunctional member of the IL-6-type cytokine family and is a key regulator of megakaryocyte maturation (12) . In addition to its hematopoietic properties, recent studies suggest cytoprotective roles for IL-11 (28) . Specifically, IL-11 administration protects against intestinal, cardiomyocyte, and endothelial cell death by producing significant antinecrotic and antiapoptotic effects in these cell types (9) . IL-11 also attenuates the inflammatory responses in a murine model of lipopolysaccharide -induced sepsis (53, 54) . Because renal IR results in renal tubular and endothelial necrosis, apoptosis as well as inflammation (5), we tested the hypothesis that recombinant human IL-11 protects against murine renal IR injury.
Exogenous administration of native or human recombinant (HR) IL-11 may be limited by its relatively short half-life (ϳ7 h) due to rapid clearance through urinary excretion, hepatic metabolism, and enzymatic degradation (9, 13) . Chemical modification of IL-11 by conjugation to polyethylene glycol (PEG) reduces IL-11 glomerular filtration and hepatic uptake, therefore prolonging the half-life of IL-11 (52) . In this study, we tested the renal protective effects of a site-specific cysteine residue PEG-conjugated IL-11 analog (PEGylated IL-11; Fig. 1 ) in mice. Finally, we examined the mechanisms of IL-11-mediated renal protection against IR. Our study suggests a critical role for induction of renal tubular sphingosine kinase-1 (SK1) via IL-11-mediated nuclear translocation of hypoxia-inducible factor-1␣ (HIF-1␣) in IL-11-induced renal protection against ischemic AKI.
METHODS
Interleukin-11 preparation. Human recombinant IL-11 (HR IL-11) and cysteine residue-specific PEG-conjugated IL-11 (PEGylated IL-11) were synthesized at Bolder BioTechnology (Boulder, CO). IL-11 and IL-11 (*179C) proteins were expressed as fusion proteins in Escherichia coli strain ER2566 using the pTYB11 expression plasmid (New England Biolabs, Beverly, MA). IL-11 (*179C) is an IL-11 analog containing a cysteine residue added following the last amino acid of the native protein. The expressed fusion protein comprises an NH 2-terminal chitin binding domain joined to a yeast intein sequence followed by IL-11 or IL-11 (*179C). E. coli expression of the fusion protein was induced by addition of isopropyl-␤-D-thiogalactopyranoside to the cultures. After induction, the induced cells were lysed and the fusion protein captured on a chitin affinity column (New England Biolabs). The chitin column was washed with buffer containing 50 mM dithiothreitol to activate the intein domain, which cleaves IL-11 from the fusion protein. The cleaved IL-11 proteins were eluted from the column and purified by S-Sepharose column chromatography. The purified IL-11 (*179C) protein was modified with a branched 40-kDa maleimide-PEG obtained from Nippon Oil and Fat (Irvine, CA) and the PEGylated protein purified from unreacted protein and unreacted PEG by S-Sepharose column chromatography. As indicated by reverse-phase HPLC and nonreducing SDS-PAGE analyses, both proteins were Ͼ95% pure.
Murine model of renal IR injury. After receiving Institutional Animal Care and Use Committee approval, we subjected adult male C57BL/6 (Harlan, Indianapolis, IN) as well as SK1
Ϫ/Ϫ or SK2
Ϫ/Ϫ mice (on a C57BL/6 background; kindly provided by Dr. R. L. Proia, National Institutes of Health, Bethesda, MD; see Refs. 2, 37) to 30 min of renal IR as described previously (22, 25) . To test the renal protective effects of IL-11, we pretreated mice with saline (vehicle for HR IL-11), PEG (vehicle for PEGylated IL-11), HR IL-11 (0.1-1 mg/kg ip), or long-acting PEGylated IL-11 (0.1-1 mg/kg ip) 10 min before renal ischemia or sham operation. We also tested whether IL-11 treatment after completion of renal ischemia also provides renal protection. Separate cohorts of mice were treated with saline, PEG, HR IL-11 (1 mg/kg ip), or PEGylated IL-11 (1 mg/kg ip) 30 or 60 min after reperfusion of the ischemic kidney. We collected kidney (cortex and corticomedullary junction) and plasma 24 h after IR injury to examine the severity of renal dysfunction (plasma creatinine, renal tubular necrosis, apoptosis, and neutrophil infiltration). Measurement of renal function. Plasma creatinine was measured as described with an enzymatic creatinine reagent kit according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA) (50) . Unlike the Jaffe method, this method of creatinine measurement largely eliminates the interference from mouse plasma chromagens.
Histological detection of necrosis, apoptosis, and neutrophil infiltration. Morphological assessment of hematoxylin and eosin (H&E) staining was performed by an experienced renal pathologist (V.D.D.) who was unaware of the treatment that each animal had received. An established grading scale of necrotic injury (0 -4, renal injury score) to the proximal tubules was used for the histopathological assessment of IR-induced damage as outlined by Jablonski et al. (18) and as described previously in our studies (32, 34) . We detected apoptosis after renal IR with terminal deoxynucleotidyl transferase dUTPmediated nick-end labeling (TUNEL) staining as described elsewhere (41) by using a commercially available in situ cell death detection kit (Roche, Indianapolis, IN) according to the instructions provided by the manufacturer. Kidney inflammation after renal IR was assessed by detection of neutrophil infiltration using immunohistochemistry 24 h after IR as described previously (41) . Neutrophils infiltrating the kidney were quantified in 5-7 randomly chosen ϫ400 microscope image fields in the corticomedullary junction, and results are expressed as neutrophils counted per ϫ400 field. Apoptotic TUNELpositive cells were quantified in 5-7 randomly chosen ϫ200 microscope image fields in the corticomedullary junction, and results are expressed as neutrophils counted per ϫ200 field.
HK-2 cell culture and induction of necrosis and apoptosis. Necrotic injury in HK-2 cells (ATCC, Manassas, VA) was induced with exposure to 5 mM H 2O2 for 3 h, and lactate dehydrogenase (LDH) released into cell culture media was measured as described using a commercial LDH assay kit (Promega, Madison, WI) (31) . To induce apoptosis, HK-2 cells were exposed to tumor necrosis factor-␣ (TNF-␣; 20 ng/ml) plus cycloheximide (10 g/ml) for 16 h as described previously (33) . Cycloheximide was added in addition to TNF-␣ to facilitate apoptosis. Cycloheximide has been shown to synergistically increase TNF-␣ cytotoxicity (46, 62) . HK-2 cell apoptosis was assessed by detecting poly(adenosine diphosphate-ribose) polymerase (PARP) and caspase 3 fragmentations as described previously (33) . Some HK-2 cells were pretreated with 10 -1,000 ng/ml HR IL-11 or PEGylated IL-11 30 min before induction of necrosis or apoptosis. Separate cohorts of HK-2 cells were treated with HR IL-11 (100 ng/ml) or PEGylated IL-11 (100 ng/ml) for 6 h to test for induction of SK1 or SK2 mRNA and protein. To inhibit HIF-1␣, some HK-2 cells were pretreated with 10 M 2-methoxyestradiol (2ME; a posttranscriptional downregulator of HIF-1␣) (36, 59) or with 25 M 3-(5=-hydroxymethyl-2=-furyl)-1-benzylindazole (YC-1; an inhibitor of HIF-1␣ activity) (16, 63) 30 min before HR IL-11 or PEGylated IL-11 treatment.
Reverse transcription-polymerase chain reaction and immunoblotting analyses. We measured mRNA encoding human SK1 or SK2 6 h after HR IL-11 or PEGylated IL-11 treatment in HK-2 cells as described previously (24) . Table 1 Respective anticipated RT-PCR product size (bp, base pairs), PCR cycle number for linear amplification, and annealing temperatures used for each primer are provided. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SK, sphingosine kinase. in this study. HK-2 cell lysates were also collected for immunoblotting analyses of SK1, SK2, and ␤-actin (internal protein loading control) 16 h after HR IL-11 or PEGylated IL-11 treatment as described previously (24) .
HK-2 cell HIF-1␣ DNA binding assay. Nuclear extracts from mouse kidney tissues and HK-2 cells were prepared using the TransFactor Extraction kit (Clontech, Mountain View, CA) according to the manufacturer's instructions. HIF-1␣ DNA-binding activity in nuclear extracts was determined using a TransFactor Family Colorimetric kit specific for HIF-1␣ (Clontech) according to the manufacturer's instructions.
SK activity assay. SK activity was measured, as described previously (23), using a modified protocol according to Vessey et al. (57) . To preferentially measure SK1 activity, we supplemented the assay buffer with 250 mM KCl plus 0.5% Triton X-100 (27, 42) .
Statistical analysis. The data were analyzed with Student's t-test when comparing means between two groups or with one-way ANOVA plus Tukey's post hoc multiple comparison test when comparing multiple groups. Two-way ANOVA plus Bonferroni's posttest was used to test the effects of sham operation or renal IR injury on different mouse strains or treatment groups. The ordinal values of the renal injury scores were analyzed using the MannWhitney nonparametric test. In all cases, a probability statistic Ͻ0.05 was taken to indicate significance. All data are means Ϯ SE.
RESULTS

Renal protective effects of IL-11 administration.
We initially tested whether HR IL-11 or PEGylated IL-11 pretreatment protects against renal IR injury in mice. Plasma creatinine values were similar between sham-operated (anesthesia, laparotomy, right nephrectomy, and recovery) saline-treated (Cr ϭ 0.52 Ϯ 0.03 mg/dl, n ϭ 4), PEG-treated (Cr ϭ 0.51 Ϯ 0.03 mg/dl, n ϭ 3), HR IL-11-treated (Cr ϭ 0.45 Ϯ 0.03 mg/dl, n ϭ 3), or PEGylated IL-11-treated mice (Cr ϭ 0.46 Ϯ 0.03 mg/dl, n ϭ 3) 24 h after surgery. Plasma creatinine significantly increased in saline-or PEG-treated mice subjected to 30 min of renal IR compared with sham-operated mice (Fig. 2) . Pretreatment with HR IL-11 or PEGylated IL-11 (10 min before renal ischemia) partially but significantly attenuated the increases in plasma creatinine in mice ( Fig. 2A) . We also tested whether IL-11 treatment after renal reperfusion (after completion of renal ischemia) protected against renal IR injury. Figure 2B shows that HR IL-11 or PEGylated IL-11 given 30 or 60 min after reperfusion was protective against renal IR injury. Figure 3A demonstrates severe necrotic renal injury in salineor PEG-treated mice subjected to IR 24 h after injury. Compared with sham-operated vehicle-treated mice (not shown), the kidneys of vehicle-treated (saline or PEG) mice subjected to renal IR showed significant tubular necrosis, proteinaceous casts with increased congestion (Fig. 3A) . Consistent with the plasma creatinine data, mice treated with HR IL-11 or PEGylated IL-11 10 min before or 30 min after renal ischemia had reduced renal necrosis and tubular injury (Fig. 3A) . The Jablonski scale (18) renal injury score (scale 0 -4) was used to grade renal tubular necrosis 24 h after renal IR (Fig. 3B ). Thirty minutes of renal ischemia and 24 h of reperfusion resulted in severe acute tubular necrosis (with renal injury scores approaching 4) in saline-or PEG-treated mice. In contrast, mice treated with either HR IL-11 or PEGylated IL-11 before or after renal ischemia had partial but significantly lower renal injury scores compared with vehicle-treated mice subjected to renal IR.
IL-11 treatment reduces renal apoptosis after IR. Renal ischemia and 24 h of reperfusion resulted in severe apoptosis in the kidneys of saline-or PEG-treated mice. The TUNEL staining detected apoptotic renal cells in kidney of mice subjected to renal IR with predominant proximal tubule cell apoptosis (Fig. 3C , magnification ϫ200). HR IL-11 or PEG IL-11 given before or after renal ischemia significantly reduced the number of apoptotic TUNEL-positive cells in the kidney (Fig. 3D) . Figure 3E shows representative images of neutrophil immunohistochemistry of kidney (magnification ϫ400) from mice subjected to 30 min of renal ischemia and 24 h of reperfusion. There was significant neutrophil infiltration (dark brown) in the kidneys of mice treated with saline or PEG and subjected to 24 h of renal IR. In sham-operated mice, we were unable to detect any neutrophils in the kidney (data not shown). Mice treated with HR IL-11 or PEG IL-11 before or after renal ischemia had significantly reduced neutrophil infiltration in the kidney after IR (Fig. 3F) .
IL-11 treatment reduces renal neutrophil infiltration after IR.
IL-11 reduces necrosis and apoptosis in human proximal tubule cells. HK-2 cells pretreated with either HR IL-11 (data not shown) or PEGylated IL-11 (Fig. 4) for 6 h were protected against H 2 O 2 -induced necrosis as evidenced by reduced LDH release (Fig. 4A, 10 -1 ,000 ng/ml PEGylated IL-11) and apoptosis as evidenced by reduced PARP and caspase 3 fragmen- Fig. 3 . IL-11 reduces renal necrosis, apoptosis, and neutrophil infiltration after IR. A, C, and E: representative photomicrographs for hematoxylin and eosin (H&E) staining (A; magnification ϫ200), TUNEL staining (C; representing apoptotic nuclei, magnification ϫ200), and immunohistochemistry for neutrophil infiltration (E; magnification ϫ400) of kidney sections of mice. Mice were pretreated with saline, PEG, 1 mg/kg HR IL-11, or 1 mg/kg PEGylated IL-11 and subjected to 30 min of renal ischemia and 24 h of reperfusion. Some mice were treated with HR IL-11 or PEGylated IL-11 30 min after renal IR. Images are representative of 3-5 independent experiments. B: summary of Jablonski scale renal injury scores (graded from H&E staining, scale 0 -4) for mice subjected to renal IR (n ϭ 4). D and F: quantifications of apoptotic cells per ϫ200 field (D) and infiltrated neutrophils per ϫ400 field (F) in kidneys of mice after renal IR. *P Ͻ 0.05 vs. vehicle-treated mice subjected to renal IR. Data are means Ϯ SE. Saline-or PEG-treated mice showed severe renal tubular necrosis, apoptosis, and neutrophil infiltration after IR. Pre-or postischemic HR IL-11 or PEGylated IL-11 treatment significantly attenuated renal IR injury in mice. Reperf, reperfusion.
tation (Fig. 4B , 100 ng/ml PEGylated IL-11). HR IL-11 or PEGylated IL-11 treatments themselves had no effect on basal LDH released into the cell culture media.
IL-11 increases SK1 synthesis and induces SK activity in HK-2 cells.
HK-2 cells were treated with HR IL-11 (100 ng/ml) or PEG IL-11 (100 ng/ml) for SK mRNA (6 h) or protein (16 h) analysis. We determined that both HR IL-11 ( Fig. 5) and PEGylated IL-11 (data not shown) increased SK1 mRNA and protein expression and SK activity in HK-2 cells. SK2 mRNA or protein expression did not change. We preferentially measured SK1 activity by adding Triton X-100 in our SK activity assay.
Critical role of SK1 in IL-11-mediated renal protection against IR in mice. We next tested whether IL-11 requires induction of SK1 for renal protection in mice. We determined that SK1
Ϫ/Ϫ mice were not protected against renal IR with either 1 mg/kg HR IL-11 (Cr ϭ 2.95 Ϯ 0.15 mg/dl, n ϭ 4) or 1 mg/kg PEGylated IL-11 (Cr ϭ 3.0 Ϯ 0.18 mg/dl, n ϭ 4) compared with saline-treated (Cr ϭ 2.95 Ϯ 0.15 mg/dl, n ϭ 4) or PEG-treated (Cr ϭ 3.0 Ϯ 0.2 mg/dl, n ϭ 4) SK1 Ϫ/Ϫ mice subjected to renal IR. In contrast, HR IL-11 (Cr ϭ 1.76 Ϯ 0.12 mg/dl, n ϭ 4) or PEGylated IL-11 (Cr ϭ 1.52 Ϯ 0.15 mg/dl, n ϭ 4) protected SK2 Ϫ/Ϫ mice against renal IR.
HIF-1␣ plays a critical role in IL-11-mediated SK1 induction.
Because HIF-1␣ signaling can induce SK1 (48), we tested the hypothesis that IL-11 induces SK1 via a HIF-1␣-dependent mechanisms in HK-2 cells. First, we tested whether HR IL-11 or PEGylated IL-11 directly increases nuclear HIF-1␣ translocation and subsequent DNA binding in HK-2 cells. In HK-2 cells, HR IL-11 (100 ng/ml for 6 h) or PEGylated IL-11 (100 ng/ml for 6 h) increased nuclear HIF-1␣ DNA binding (Fig. 6) . Furthermore, when HK-2 cells were pretreated with inhibitors of HIF-1 signaling [2ME (10 M) or YC-1 (25 M)] 6 h before exposure to HR IL-11 (data not shown) or PEGylated IL-11 (100 ng/ml for 6 h), induction of SK1 mRNA was significantly attenuated without affecting SK2 mRNA expression (Fig. 7) .
DISCUSSION
AKI is a frequent and disastrous clinical complication with high mortality, morbidity, and cost (10, 21) . Renal IR injury is a major cause of AKI for patients subjected to surgical procedures involving the kidney, heart, liver, or aorta. Although incompletely understood, renal tubular necrosis, apoptosis, and inflammation during and after renal IR contribute significantly to the pathogenesis of ischemic AKI (5). Our study demonstrates for the first time that HR IL-11 as well as a novel PEGylated IL-11 attenuates renal tubular cell death in vivo as well as in vitro by reducing necrosis, apoptosis, and inflammation.
IL-11, a member of the IL-6-type cytokine family, was first identified from bone marrow-derived stromal cells. It is a key regulator of hematopoiesis and promotes megakaryocyte maturation (43) . Interestingly, IL-11 as well as its receptors are expressed in many tissues and cell types (9) . In addition to its hematopoietic properties, recent studies suggest a cytoprotective role for IL-11 (9) . In several organs, including the heart, intestine, and endothelial cells, IL-11 administration has been shown to attenuate necrotic as well as apoptotic cell death (9) . In addition to its antiapoptotic and antinecrotic properties, IL-11 administration reduces inflammatory responses in lipopolysaccharide-treated mice (49, 53) , macrophage inflammation (55), nephrotoxic nephritis (29) , and T cell-mediated liver injury (6). Our current study also demonstrates powerful protective effects of IL-11 against renal IR injury in mice and in human HK-2 kidney proximal tubule cells. Specifically, we show that IL-11 attenuated renal tubular necrosis (Jablonski renal injury score, LDH release) as well as apoptosis (TUNEL staining, PARP/caspase 3 fragmentation). Furthermore, we demonstrate reduced influx of proinflammatory neutrophils after renal IR in IL-11-treated mouse kidneys. Therefore, we conclude that exogenous administration of IL-11 provides powerful renal protection against ischemic AKI by targeting all three pathways of cell death: necrosis, apoptosis, and inflammation. A clinical formulation of recombinant IL-11 (oprelvekin) is already approved by the FDA to treat chemotherapy-related thrombocytopenia (43, 51) . Our data suggest that HR IL-11 or PEGylated IL-11 therapy was significantly protective when given before renal ischemia as well as 30 -60 min after completion of renal ischemia. This is highly exciting because IL-11 therapy may be effective for a diverse group of patients at risk for ischemic AKI. Although ischemia can be predicted in many complicated surgical procedures leading to renal injury, a significant number of patients present to the clinic after renal ischemic injury has already occurred. Postischemic therapy for AKI will increase the translational as well as clinical significance, because not all ischemic AKI can be anticipated in advance.
In this study, we used a novel, long-acting IL-11 analog that has undergone cysteine residue-specific chemical modification of the protein with PEG. Covalent modification of proteins with PEG has proven to be a very useful method to extend the circulating half-lives of proteins, and several PEGylated proteins are now approved for use in humans (8) . Long-acting IL-11 analogs would not require frequent dosing and could provide significant treatment advantages in a clinical setting. In addition to improving protein half-life, PEG modification can increase protein solubility and stability and decrease protein immunogenicity (52) .
Although PEGylation may increase the half-life of IL-11, it may also result in substantial decrease in biological activity or potency due to its steric hindrance (52) . When amine-reactive PEGs are used, the PEG moiety can attach to the protein at any of the free amines available, resulting in a heterogeneous product mixture possessing different intrinsic biological activities. Sitespecific PEGylation, by conjugating PEG to a unique, engineered cysteine residue in IL-11, overcomes this problem of product heterogeneity and loss of biological activity typical of aminePEGylation. Site-specific PEGylation allows a protein to be selectively modified with PEG at a unique predetermined site. By targeting the PEG molecule to an optimal site in a protein, it is possible to create PEGylated proteins that are homogenously modified and have no significant loss of biological activity. Therefore, site-specific PEGylation is an innovative application to increase the potency and half-life of IL-11 (by more than 10-fold to ϳ300 -500 min in rats; unpublished data). After IL-11 binds to the IL-11 receptor, the ligand-receptor complex interacts with a common receptor subunit, glycoprotein 130 (gp130), leading to gp130-associated kinase-mediated tyrosine phosphorylation (11) . The cytoprotective mechanisms of IL-11 leading to reductions in necrosis, inflammation, and apoptosis have been investigated in other cell types. In cardiomyocytes, IL-11 reduces injury and fibrosis by JAK-STAT3 (Janus kinase-signal transducer and activator of transducer 3) pathway activation (11, 26, 40) . In vascular endothelial and intestinal epithelial cells, IL-11 protects against oxidant-induced necrosis and apoptosis via mechanisms involving ERK MAPK, Akt (protein kinase B), and/or induction of heat shock protein 25 (39, 44, 61) . Our data suggest that IL-11 produces renal protection by direct induction of SK1 via nuclear translocation of HIF-1␣ (Fig. 8) . IL-11-mediated induction of SK1 has never been described previously and represents a novel development in the understanding of cytoprotective mechanisms of IL-11 administration. It remains to be tested whether IL-11 induces SK1 in other cell types.
SK is a multifunctional lipid kinase that phosphorylates sphingosine to form sphingosine 1-phosphate (S1P). Of the two forms of SK, SK1 is a cytosolic enzyme that migrates to the plasma membrane or to the nucleus upon activation (14, 30) . SK1 is a well-known mediator of tissue protection (including protection against IR injury), growth, and survival (35) . Overexpression of SK1 was shown to be protective in acute lung injury (60) . Furthermore, in cardiac IR injury, SK1 activation protects against cardiomyocyte death, and SK1-deficient cardiomyocytes had increased injury after ischemia (58) . We and others previously demonstrated a renal protective role of SK1 as well as S1P 1 receptor activation (4, 19, 23, 24) . Overall, activation of SK1 produces antinecrotic, anti-inflammatory, and antiapoptotic effects in several organs and cell types. Previous studies showed that the IL-11 and IL-11 receptor (IL-11R) complex interact with another transmembrane cytokine receptor subunit, glycoprotein 130 (gp130), to produce endothelial, cardiac, and epithelial cytoprotection involving Janus kinase signal transducer and activator of transcription (JAK STAT), ERK, and Akt (protein kinase B) (reviewed in Ref. 11) . Our data also suggest that IL-11 activation results in increased HIF-1␣ nuclear translocation and SK1 induction. Consistent with this hypothesis, renal protective effects of IL-11 were abolished in mice deficient in SK1. We speculate that increases in sphingosine 1-phosphate (S1P) produce antinecrotic, antiapoptotic, and anti-inflammatory effects to attenuate renal IR injury. It remains to be determined whether ERK and/or Akt pathways are involved in IL-11-mediated induction of SK1.
Our studies show not only that IL-11 treatment induces SK1 but also that the renal protective effects of IL-11 are dependent on SK1, because mice deficient in SK1 enzyme were not protected against renal IR injury with either HR IL-11 or PEGylated IL-11 treatment. We propose that IL-11-mediated SK1 induction enhances the synthesis of endogenous S1P in the kidney. S1P is a potent lipid signaling molecule that can activate five S1P receptors (S1PR) to regulate cell growth, cell survival, and modulation of inflammation (1, 7, 56) . S1P 1 R activation in particular has been shown to produce tissue protection by attenuating T-lymphocyte-mediated inflammation. Activation of the S1P 1 Rs on endothelial cells also reduces vascular permeability, hence better preserving the integrity of the vascular endothelial cell barrier function (3). Furthermore, direct renal tubular protective effects of S1P 1 R activation are mediated by activation of the Akt and ERK pathways (4). Therefore, both SK1¡S1P 1 R and IL-11¡IL-11R¡gp130 pathways can activate cytoprotective ERK and Akt signal transduction.
Our findings implicate an important role for HIF-1␣ in mediating the induction of SK1 after IL-11 treatment. HIF-1 is a heterodimeric transcription factor composed of an ␣-and a ␤-subunit (45, 47) . Under normoxic conditions, prolyl hydroxylation and ubiquitination of the oxygen-dependent degradation domain of HIF-1␣ results in rapid HIF-1␣ degradation. With hypoxia or ischemia, HIF-1␣ stabilizes and interacts with HIF-1␤, forming the HIF-1 heterodimer. Nuclear HIF-1 translocation allows binding to the hypoxia-responsive element with subsequent induction of several cytoprotective genes. Consistent with this proposed pathway, previous studies have demonstrated that HIF-1␣ activation protects against renal IR injury (47).
We showed that HR IL-11 or PEGylated IL-11 caused increased HIF-1␣ nuclear translocation and SK1 induction and enhanced SK1 activity in HK-2 cells. We propose that IL-11 receptor activation causes binding of HIF-1␣ to hypoxiaresponse elements of the SK1 promoter, leading to increases in SK1 protein synthesis and activity. Consistent with this hypothesis, we showed that selective HIF-1␣ blockers (2-ME or YC-1) prevented IL-11-mediated induction of SK1 in HK-2 cells. 2-ME is a natural metabolite of estrogen that is known to inhibit HIF-1␣ at the level of translation (38) . YC-1 is a selective inhibitor of HIF-1␣ transcriptional activity (64) .
In summary, our finding that IL-11-mediated SK1 induction leads to reduced renal injury represents a novel and a new direction in IL-11 therapy, in addition to its efficacy in attenuating chemotherapy-induced thrombocytopenia. Our studies may lead to new therapeutic approaches with a drug that can reduce all three pathways of renal cell death (necrosis, apoptosis, and inflammation) to lessen the clinical perils from AKI and have implications in organ protection strategies beyond the kidney.
